2 The abbreviations used are: OA, osteoarthritis; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motif; GAG, sulfated glycosaminoglycan; HA, hyaluronan; MMP, matrix metalloproteinase; 4-MU, 4-methylumbelliferone; ANOVA, analysis of variance; qRT, quantitative RT; NFDM, nonfat dry milk; UGT, UDP glucuronosyltransferase.
Depletion of the cartilage proteoglycan aggrecan is one of the earliest events that occurs in association with osteoarthritis.
This loss is often accompanied by a coordinate loss in another glycosaminoglycan, hyaluronan. Chondrocytes experimentally depleted of cell-associated hyaluronan respond by switching to a pro-catabolic metabolism that includes enhanced production of endogenous inflammatory mediators and increased synthesis of matrix metalloproteinases. Hyaluronan turnover is also increased. Together, such a response provides for possible establishment of a self-perpetuating spiral of events that maintains or prolongs the pro-catabolic state. Chondrocytes or cartilage can also be activated by treatment with pro-inflammatory cytokines and mediators such as IL-1␤, TNF␣, LPS, fibronectin fragments, and hyaluronan oligosaccharides. To determine the mechanism of chondrocyte activation due to hyaluronan loss, a depletion method was required that did not include degrading the hyaluronan. In recent years, several laboratories have used the coumarin derivative, 4-methylumbelliferone, as a potent inhibitor of hyaluronan biosynthesis, due in part to its ability to sequester intracellular UDP-glucuronic acid and inhibition of hyaluronan synthase transcription. However, contrary to our expectation, although 4-methylumbelliferone was indeed an inhibitor of hyaluronan biosynthesis, this depletion did not give rise to an activation of chondrocytes or cartilage. Rather, 4-methylumbelliferone directly and selectively blocked gene products associated with the pro-catabolic metabolic state of chondrocytes and did so through a mechanism preceding and independent of hyaluronan inhibition. These data suggest that 4-methylumbelliferone has additional useful applications to block pro-inflammatory cell activation events but complicates how it is used for defining functions related to hyaluronan.
The pronounced loss of aggrecan from articular cartilage is an early critical event associated with osteoarthritis (OA) 2 (1, 2). Aggrecan turnover within the extracellular matrix occurs due to the enhanced activity of endoproteinases such as a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) 4 (3, 4) and 5 (5, 6) as well as other matrix metalloproteinases (MMPs) (7) (8) (9) (10) (11) . In addition to aggrecan, a significant loss of hyaluronan (HA) is also observed in human OA cartilage as compared with normal human cartilage (12, 13) . A marked depletion of HA was also observed in articular cartilage damaged experimentally, such as in the anterior cruciate ligament transection model of OA (14) and a reduced-loading, splint immobilization model (15) in dogs. In our studies, cultured explants of human articular cartilage treated with IL-1␣ displayed a loss of HA within the superficial and upper middle layers of cartilage, the same layers in which aggrecan loss occurred (16) . Other studies on cytokine-stimulated cartilage explants suggested that HA is lost from the cartilage (17, 18) , and other studies revealed that the HA is lost but via local catabolism of the resident chondrocytes (19, 20) . What is clear from all the studies is that HA is lost from the articular cartilage in a coordinate fashion with the loss of aggrecan (16, 19, 20) .
Experimentally, we have tried to mimic the loss of HA and proteoglycan via the use of HA oligosaccharides to displace the pericellular matrix (21) (22) (23) (24) or with hyaluronidases to remove the HA-rich pericellular matrix (21, 22, 25) . With both approaches we observe the induction of pro-catabolic state by the chondrocytes, one that includes the up-regulation of MMP2, -3, -9, and -13 (24 -28) as well as ADAMTS4 and ADAMTS5 (28) . Our approach was based on a working hypothesis originally developed by Toole (29, 30) and our laboratory (21, 22) that removal or displacement of HA from the surface of cells results in the unclustering of CD44, leading to cytoskeleton-dependent induction of cell signaling.
In this study, we explored an alternative approach to remove HA from the surface of chondrocytes, one that would not generate small HA oligosaccharides. In recent years, investigators have used the coumarin derivative 4-methylumbelliferone (4-MU) as a low toxicity, high potency inhibitor of HA biosynthesis (31) . 4-MU blocks HA biosynthesis by its ability to sequester cytosolic UDP-glucuronic acid (UDP-GlcUA) (32) . Additionally, 4-MU effects a pronounced reduction of HA synthase 2 (HAS2) transcription but by mechanisms that are currently unknown (32) (33) (34) . As a potent inhibitor of HA, 4-MU has been used to examine the role of HA in epithelial-mesenchymal transitions (35) , collagen-induced arthritis (36) , invasion and metastasis of osteosarcoma (37) and breast cancer cells (38) , inflammation and autoimmunity (31) , chondrogenic differentiation (39) , myofibroblast differentiation (40, 41) , and keratinocyte activation (42) . We have shown that 4-MU blocks the assembly of pericellular coats on bovine, rat, and mouse chondrocytes and diminishes the responsiveness of chondrocytes to bone morphogenetic protein-7 similar to results obtained by hyaluronidase treatment (43) . In sum, 4-MU has been used as a loss-of-function approach to reveal or confirm biological events suggested to be dependent on HA.
In this study, we examined the comparative effect of Streptomyces hyaluronidase and 4-MU on bovine and human articular chondrocytes to generate HA-depleted cells. Although HA was depleted by both conditions, 4-MU did not mimic the biological response obtained by hyaluronidase treatment. We observed that 4-MU was a potent inhibitor of chondrocyte activation, an inhibition that was independent of its effects on HA biosynthesis. We have chosen a particular subset of outcome measures to define chondrocytes or cartilages that have become activated and switched to a pro-catabolic metabolism. Because we observe many of these outcome measures in human OA chondrocytes and explant cultures without the need for additional external stimulation, we consider these measures of an OA-like metabolism (27, 28) . We have limited our study to MMP13 and ADAMTS4 as examples of cartilage-relevant proteinases, TNFstimulated gene 6 protein (TSG6) as an early marker of inflammation and remodeling induced by a variety of stimuli (44, 45) . In addition, when cartilage explants were examined, the release of sulfated glycosaminoglycan (GAG) into the medium was used as a measure of cartilage degradation.
Experimental Procedures
Materials-Ham's F-12 and DMEM were obtained from Mediatech; FBS was from HyClone, and IL-1␤ was from R&D Systems, Inc. 4-MU was from Sigma (M1381 or M1508) or Alfa Aesar (A10337) for comparison. Pronase (53702; EMD Millipore Calbiochem), collagenase P (11249002001; Roche Applied Science), and collagenase D (11088882001; Roche Applied Science) were used in dissociation of tissues. Cell Lysis Buffer was from Cell Signaling Technologies, and Clear Blue x-ray film was from Genesee Scientific.
Specific primers for real time RT-PCR were custom-made by Integrated DNA Technologies (Coralville, IA). HAS2, CD44, and control siRNAs were obtained from Thermo Scientific Dharmacon RNAi Technologies. iScript TM cDNA synthesis kit was obtained from Bio-Rad, and RT 2 Real Time TM SYBR Green reagents were from SA Biosciences.
The DuoSet HA ELISA kit for hyaluronan (DY3614-05) was purchased from R&D Systems, Inc., and used following the manufacturer's instructions. Streptomyces hyaluronidase (H1136) was purchased from Sigma. Pharmaceutical grade high molecular mass HA (ARTZ) was a gift from Seikagaku Co. Hyaluronan oligosaccharides were generated from human rooster comb hyaluronan (Sigma), as described previously (27) .
Specific antibodies used for analysis were goat anti-AD-AMTS4 (sc-16533, clone K-20, lot I2010; Santa Cruz Biotech-nology), rabbit anti-MMP13 (sc-30073, clone H-230, lot F1312; Santa Cruz Biotechnology), rabbit anti-TSG6 (sc-30140, clone FL-277, lot C0112; Santa Cruz Biotechnology), rabbit affinitypurified anti-CD44 cytoplasmic tail antisera (1:5,000) (46) , and ␤-actin (A1978, clone AC-15, lot 065M4837V; Sigma). The following antibodies were all obtained from Cell Signaling Technology: mouse anti-Myc (catalog no. 2276, clone 9B11, lot 24); p-NF-B p65 (Ser(P) 536 , catalog no. 3033, lot 14); p65 (catalog no. 8242, lot 4); p-p38 (catalog no. 9215, lot 7); p38 (catalog no. 9212, lot 16); p-ERK1/2 (catalog no. 4370S, lot 5); and ERK1/2 (catalog no. 4695, lot 8). Mouse anti-O-linked N-acetylglucosamine antibody (clone RL2, lot PB197682) as well as the secondary antibodies HRP-conjugated donkey anti-rabbit (SA1-200) and HRP-conjugated donkey anti-mouse (SA1-100) were from ThermoFisher. HRP-conjugated donkey anti-goat (sc-2020) was from Santa Cruz Biotechnology.
Cell Culture-Primary bovine articular chondrocytes were isolated from the metacarpophalangeal joints of 18 -24month-old adult steers as described previously (28, 46) . Primary human articular chondrocytes were isolated from knee cartilage obtained following joint replacement surgery, within 24 h after surgery and with institutional approval. Human cartilage samples were from patients (ϳ60% female and 40% male) with an average age of 66.8 Ϯ 10.0 years. Bovine and human chondrocytes were liberated from full thickness slices of articular cartilage by sequential Pronase/collagenase P digestion. The chondrocytes were plated as high density monolayers (0.5-1.0 ϫ 10 6 cells/cm 2 ) and cultured in a 1:1 mixture of DMEM/ Ham's F-12 medium containing 10% FBS and 50 units/ml penicillin, L-glutamate, and ascorbic acid. Confluent cultures of bovine or human chondrocytes were incubated overnight with medium containing 1% FBS and then incubated in serum-free medium with or without 0.5 mM 4-MU for 1 h prior to treatment for varying times with 1 ng/ml IL-1␤ in fresh serum-free culture medium without or with varying concentrations of 4-MU. In all experiments, 4-MU was dissolved in DMSO and then added to the culture medium with a final concentration of 0.1% DMSO; DMSO only at the same concentration was used as a control.
The T84 (CCL-248; ATCC) human colon carcinoma cell line was a gift from Dr. Yan-Hua Chen (East Carolina University (47) ). The HepG2 human liver hepatocellular carcinoma cell line was a gift from Dr. Elizabeth M. Wilson (University of North Carolina-Chapel Hill (48)).
For siRNA inhibition of chondrocyte CD44 or HAS2, human chondrocytes were released from monolayer culture using a 1.5-h incubation with 0.1% collagenase P and 0.1% Pronase. The released cells (2.0 ϫ 10 6 cells) were next mixed with Amaxa TM human chondrocyte solution (Lonza) and 1 g of siRNA (46, 49) . The chondrocytes were then transfected by nucleofection using an Amaxa Nucleofector device at setting U-28. The HAS2 siRNA 5Ј-GCCAGCUGCCUUAGAGGAAUU-3Ј (sense strand) was a similar sequence as used by Tian et al. (50) . The CD44 siRNA 5Ј-GAACGAAUCCUGAAGACAUCU-3Ј (sense strand) was constructed using the human CD44 siRNA sequence originally described by Ghatak et al. (51) . The control siRNA (D-001206-09-05, Dharmacon) was also as described previously (46, 49) .
To study mRNA stability, bovine chondrocytes were prestimulated with 1 ng/ml IL-1␤ for 12 h and then co-treated with IL-1␤ and 5 g/ml actinomycin D (A9415; Sigma) in the presence or absence of 0.5 mM 4-MU (52, 53) . Total mRNA was extracted at the indicated time points, and levels of HAS2, MMP13, TSG-6, and GAPDH mRNA expression were determined by qRT-PCR.
Primary mouse chondrocytes were isolated from the knee and hip joints of 4-week-old Cd44 Ϫ/Ϫ mice (43, 49) . Briefly, the animals were euthanized; the hind limbs dissected from the acetabulum and freed of surrounding muscle, tendons, and connective tissue. Isolated femoral heads and condyles and tibial condyles were subjected to 3 mg/ml collagenase D with stirring at 37°C, 5% CO 2 . Primary murine chondrocytes were collected every hour for the first 5 h and then plated into 35-mm dishes containing DMEM, 10% FBS, 50 units/ml penicillin, and 2 mM/ml L-glutamine. When the mouse chondrocytes reached confluence, the cells were passaged one time with 0.25% trypsin, 2.21 mM EDTA into 12-well plates for experiments.
In some experiments human chondrocytes were cultured in alginate beads, as described previously (54) , for subsequent placement into bioengineered neocartilage disks. Chondrocytes released from alginate beads were allowed to form neocartilage by an additional 2 weeks in culture in 0.4-m pore membrane cell culture inserts (BD Biosciences). For analysis, the treated neocartilage disks were fixed with 4% buffered paraformaldehyde overnight at 4°C, rinsed in 30% sucrose, PBS, and embedded in OCT-freezing medium. Cryostat sections (8 m) were prepared and stained with safranin O for the detection of proteoglycans and counterstained with Fast Green. Sections were visualized using a Nikon Eclipse E600 microscope equipped with images captured digitally using a Retiga 2000R digital camera and processed using NIS Elements BR 1.30 imaging software (Nikon).
Cartilage Explant Cultures-Full thickness 4-mm cores of bovine and human OA articular cartilage were cultured in 1.0 ml of DMEM/Ham's F-12 medium containing 10% FBS for 48 h. The medium was then replaced with serum-free DMEM/Ham's F-12, and the tissues were incubated for 1-3 days in the presence of various activators, including 1-10 ng/ml IL-1␤; 250 g/ml HA oligosaccharides; or 10 ng/ml LPS with or without 0.5-2.0 mM 4-MU. For analysis, the treated explants were fixed with 4% buffered paraformaldehyde overnight at 4°C, rinsed in 30% sucrose, PBS, and embedded in paraffin. Sections (8 m) were prepared and stained with safranin O for the detection of proteoglycans and counterstained with Fast Green. In some experiments, the culture medium was collected and processed for Western blotting. In other experiments, media fractions were analyzed for proteoglycan content by dimethylmethylene blue assay for sulfated GAG release (55) .
Generation of Adeno-Tet-MycHas2-The murine Has2 coding sequence (NM_008216) and NH 2 -terminal 6ϫ Myc tag in pCDNA3, kindly provided by Drs. Davide Vigetti and Alberto Passi (56) was PCR-amplified using AccuPrime Pfx DNA polymerase (Invitrogen). Primers were designed according to the manufacturer's protocol as detailed in the Adeno-X Adenoviral System 3 User Manual (Clontech). The upstream primer included the ATG start site for the Myc tag sequence, 5Ј-GTA ACT ATA ACG GTC GCT ATG GAG CAA AAG CTC ATT TCT-3Ј, and the downstream primer included the stop codon for murine Has2, 5Ј-ATT ACC TCT TTC TCC TCA TAC ATC AAG CAC CAT GTC ATA-3Ј. The PCR cycling conditions were as follows: initial denaturation of 95°C for 2 min, followed by 30 cycles of 15 s denaturation at 95°C, 30 s annealing at 57°C, and a 2.15-min extension at 68°C. The PCR-amplified product (MycHas2) was purified using the QIAquick gel extraction kit (Qiagen). MycHas2 was then subcloned into the pAdenoX-Tet3G-linearized vector using the Adeno-X adenoviral system 3 kit (Clontech) to form Adeno-Tet-MycHas2. DNA sequences were verified for all PCR-amplified regions. Upon DNA sequencing, it was noted that adeno-Tet-MycHas2 contained a 3ϫ NH 2 -terminal Myc tag sequence. Adeno-Tet-MycHas2 was packaged and amplified in HEK293 cells (ATCC). Viral particles were purified using the Adeno-X purification kit (Clontech) and titered using the adeno-X rapid titer kit (Clontech) to obtain a 4.89 ϫ 10 9 IFU/ml adeno-Tet-MycHas2-purified viral stock. Human chondrocytes at ϳ70% confluence were incubated with 10 IFU/ml Ad-Tet-MycHas2 in serum-free medium for 24 h. Medium was replaced with medium containing 10% FBS. After an additional 24 h, the cells were then used for experiments in the absence or presence of IL-1␤, 4-MU, and 100 ng/ml doxycycline (Clontech).
Western Blotting-Total protein was extracted using Cell-Lysis-Buffer containing protease and phosphatase inhibitor mixtures. Equivalent protein concentrations were loaded into 4 -12% NuPAGE Novex Tris acetate gradient mini gels (Thermo Fisher). In some experiments, the conditioned culture medium was also collected and processed for Western blotting by loading aliquots of equivalent volume to mini gels. Following electrophoresis, proteins within the acrylamide gel were transferred to a nitrocellulose membrane using a Criterion blotter apparatus (Bio-Rad), and the nitrocellulose membrane was then blocked in TBS containing 0.1% Tween 20 and 5% nonfat dry milk (TBS-T/NFDM) for 1 h. Immunoblots were incubated overnight with primary antibody in TBS-T/NFDM at 4°C, rinsed three times in TBS-T, and incubated with secondary antibody in TBS-T/NFDM for 1 h at room temperature. Detection of immunoreactive bands was performed using chemiluminescence (Novex ECL, Invitrogen). In some cases, the blots were stripped using Restore Plus Western Stripping Buffer (Thermo Fisher) for 30 min at room temperature and re-probed using another primary antibody.
Real Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)-Total RNA was isolated from the bovine and human chondrocyte cultures according to the manufacturer's instructions for the use of TRIzol reagent (Thermo Fisher). Total RNA was reverse-transcribed to cDNA using the iScript cDNA synthesis kit (Bio-Rad). Quantitative PCR was performed using Sso-Advanced SYBR Green Supermix (Bio-Rad) and amplified on a StepOnePlus real time PCR system (Applied Biosystems) to obtain cycle threshold (Ct) values for target and internal reference cDNA levels.
The human-specific primer sequences were follows: ADAMTS4 (57), forward (5Ј-AGG CAC TGG GCT ACT ACT AT-3Ј) and reverse (5Ј-GGG ATA GTG ACC ACA TTG TT-3Ј); ACAN, forward (5Ј-TCT GTA ACC CAG GCT CCA lowing the mathematical model introduced by Pfaffl (62) as described previously (28, 46) .
Statistical Analysis-All data were obtained from at least three independent experiments performed in duplicate or triplicate. A two-tailed unpaired Student's t test was used for direct comparison of treatment group to control. For multiple comparisons of groups, one-way or two-way analyses of variance followed by Tukey-Kramer test or Dunnett's multiple comparison test were used. A p value of less than 0.05 was considered significant. One asterisk denotes a p value of less than 0.05, two asterisks denote a p value of less than 0.01.
Results
Streptomyces Hyaluronidase Removal of HA Activates Chondrocyte MMP13-To mimic the loss of HA and aggrecan observed in OA, we often treat chondrocytes in culture with a low concentration of Streptomyces hyaluronidase. We have found that Streptomyces hyaluronidase, an HA-specific lyase, provides an HA-depleted state around cells for extended time periods without detrimental effects on cell viability. Exposure of normal bovine articular chondrocytes ( Fig. 1A ) or human OA chondrocytes ( Fig. 1B) to Streptomyces hyaluronidase resulted in a substantial up-regulation of MMP13, ADAMTS4, and TSG6 mRNA. Human OA chondrocyte cultures, derived from cartilage of patients of differing backgrounds, age, grade, and gender display higher variability of stimulation as compared with bovine chondrocytes. Antibodies to human epitopes were used to detect MMP13, ADAMTS4, and TSG6 protein, present in both cell lysates and/or conditioned medium (Fig.  1C ). All three proteins displayed increases following hyaluronidase treatment. These results suggest that the removal of extracellular HA, and other HA-bound matrix macromolecules, results in the activation or further enhancement of a procatabolic state in these chondrocytes.
Effect of 4-MU-mediated Depletion of HA-To determine whether the activation induced by Streptomyces hyaluronidase was due to the loss of high molecular mass HA or an activation due to the release of enzymatically derived HA oligosaccharides, a different approach was used to deplete HA in chondrocytes. The chemical inhibitor 4-MU is used by many investigators to block HA biosynthesis and lower HAS2 mRNA (31) (32) (33) 63) . As expected, the human OA chondrocytes treated with 0.5 to 2.0 mM 4-MU displayed a marked reduction of HA as measured by ELISA ( Fig. 1D) . Surprisingly, however, treatment of these cells with 4-MU did not result in an increase in MMP13 mRNA but rather a dose-dependent decrease in its expression ( Fig. 1E ). This decrease was mirrored by a slight decrease in MMP13 protein, present in both in cell lysates and media fractions ( Fig. 1F ). The baseline values for MMP13 varied widely, and in some samples the drop in MMP13 protein due to 4-MU was less pronounced but certainly not increased as was originally expected. It was not possible to demonstrate similar effects of 4-MU in normal bovine chondrocytes as the baseline levels of the marker proteins are very low. Nonetheless, there was no stimulation of MMP13, ADAMTS4, or TSG6 mRNA due to 4-MU observed in bovine chondrocytes (data not shown) as was expected from the hyaluronidase results in Fig.  1A . These data suggest that the loss or absence of high molec-ular mass HA alone is not sufficient to affect the pro-catabolic activation of chondrocytes.
Effect of 4-MU on Chondrocytes Stimulated with IL-1␤-As noted above, normal bovine chondrocytes exhibit very low levels of MMP13. To mimic OA, bovine are often treated with the inflammatory cytokine IL-1␤. In human OA chondrocyte cultures, even though each patient population of cells exhibits a different baseline state of activation, most cells respond to subsequent treatment with IL-1␤. Treatment of bovine ( Fig. 2A ) or human OA ( Fig. 2B ) chondrocytes with IL-1␤ resulted in a pro-nounced stimulation of MMP13, ADAMTS4, and TSG6 mRNA, similar to the level of activation observed following treatment with Streptomyces hyaluronidase. However, co-incubation of cells with IL-1␤ and 4-MU resulted in a dose-dependent decrease in all three transcripts (Fig. 2, A and B) . Co-treatment of human OA cells with IL-1␤ and 4-MU also resulted in a dose-dependent inhibition of MMP13, ADAMTS4, and TSG6 protein, including decreases in MMP13 released into the medium (Fig. 2C ). The 0.5 mM concentration of 4-MU was sufficient to affect a consistent 40 -50-fold inhibition of MMP13 FIGURE 1. Effects of HA depletion on chondrocyte metabolism. Following treatment without or with Streptomyces hyaluronidase (Ϫ/ϩ) for 24 h, high density monolayers of bovine chondrocytes (A) or human OA chondrocytes (B) were lysed and analyzed by real time qRT-PCR. The fold changes (y axes) in mRNA copy number for MMP13, ADAMTS4, and TSG6 (A and B) were compared with control-untreated cultures (black bars) and quantified using the ⌬⌬Ct approach with normalization to GAPDH. Values represent the fold increase and the average Ϯ S.D. of data derived from three independent experiments. A two-tailed unpaired Student's t test was used for comparison of treatment group to control; *, p Ͻ 0.05; **, p Ͻ 0.01. Cell lysates and serum-free media from other human OA chondrocyte cultures were also processed for Western blotting analysis of MMP13, TSG6, and ADAMTS4 protein (C). Shown is a representative example of three replicated, independent experiments. Aliquots of equal protein were loaded onto gels from the cell lysate fractions, and the medium samples represent aliquots of equal volume. D-F, human OA chondrocytes were treated without or with 0.5 to 2.0 mM 4-MU for 24 h. Serum-free media were collected and processed for HA ELISA (D, values represent percent of control shown as 100%) or Western blot analysis of MMP13 protein (F). Cell lysates were collected either for quantitative real time RT-PCR analysis of MMP13 mRNA (E) or Western blot analysis of MMP13 protein (F); both using a similar approach as detailed for B and C. All blots with cell lysates were stripped and re-probed for ␤-actin. For statistical analysis of data shown in D and E, a one-way ANOVA followed by Dunnett's test was used; *, p Ͻ 0.05; **, p Ͻ 0.01. and ADAMTS4 expression without the potential toxicity issues of higher doses as noted by others (33, 63) , and thus this concentration was used for most of the remaining experiments.
The effects of 4-MU on pro-catabolically activated chondrocytes were not limited to primary cells in culture. Explant cultures of intact human OA cartilage release variable levels of MMP13 protein into their culture medium, and these are levels that could be enhanced by incubation of the tissues with IL-1␤ ( Fig. 2D ). However, even in cartilage explant cultures the inclusion of 0.5 mM 4-MU resulted in a striking diminution of MMP13 release and accumulation in the medium. It should be noted that both baseline and IL-1␤-stimulated levels of MMP13 were inhibited.
As a quality control step, 4-MU obtained from three different commercial sources was evaluated. All three preparations inhibited MMP13 protein accumulation in human OA chondrocyte cell lysates and release into the media fractions as compared with controls ( Fig. 2E) .
Effects of 4-MU on Chondrocytes and Cartilage Are Not Limited to Stimulation with IL-1␤-Like many cells types, mediators of other signaling pathways also induce a pro-catabolic state in chondrocytes. Treatment of bovine chondrocytes with HA oligosaccharides (Fig. 3A) or LPS ( Fig. 3B ) resulted in a stimulation of MMP13 protein present in both cell lysates and media fractions. As with IL-1␤, co-treatment with LPS and 4-MU blocked the accumulation of MMP13 protein, including baseline levels of nontreated cells (Fig. 3, A and B) .
To determine whether the 4-MU inhibition of activated chondrocytes was of biological significance, GAG release from cartilage explants was examined. When bovine cartilage explants were treated with Il-1␤ ( Fig. 3C ) or HA oligosaccharides ( Fig. 3D ) for only 48 h, a substantial level of GAG was released into the medium. Co-incubation with 4-MU blocked the increase in GAG that accumulated in the medium (Fig. 3 , C and D). In a similar fashion cartilage explants from OA patients, although highly variable from patient to patient, also exhibited a reduction of GAG released into the medium due to co-incubation with 4-MU ( Fig. 3E , all samples treated with IL-1␤). When the maximally stimulated GAG release values (in the absence of 4-MU) for each of the three human OA explant preparations were normalized to 100%, 4-MU treatment resulted in, on average, a 33% inhibition of GAG release. (Fig.  3F ). Combined, these data suggest that 4-MU effectively blocks GAG release from cartilage likely by blocking the stimulation of proteases such as ADAMTS4 responsible for the degradation of aggrecan. After 1 week of treatment with IL-1␤, a substantial loss of safranin O staining was observed in histological sections of bovine cartilage explants ( A and B) . The fold changes (y axes) in mRNA copy number for MMP13, ADAMTS4, and TSG6 were compared with control (black bars) and quantified using the ⌬⌬Ct approach with normalization to GAPDH. For statistical analysis, a two-way ANOVA followed by Tukey-Kramer test was used; *, p Ͻ 0.05; **, p Ͻ 0.01. Cell lysates and serum-free media from other human OA chondrocyte cultures were also processed for Western blotting for MMP13 protein (C). Shown is a representative example of three replicated, independent experiments. Aliquots of equal protein were loaded onto gels from the cell lysate fractions, and the medium samples represent aliquots of equal volume. Western blot analysis for MMP13 was also obtained from equal volume aliquots of medium samples from OA explants (D). E, human OA chondrocytes were co-treated without or with 4-MU that was obtained from three sources as follows: 1, Sigma M-1508; 2, Sigma M-1381; and 3, Aldrich M-1381. Shown is the Western blot analysis for MMP13 present in cell lysates and serum-free media. All blots with cell lysates were stripped and re-probed for ␤-actin. compared with G) but was more apparent after 4 weeks in culture ( Fig. 3 , L compared with I). Thus, 4-MU appears to be chondroprotective of cartilage degradation.
Effects of 4-MU on Chondrocytes Is Not Because of Toxicity and Exerts Mild Pro-anabolic Effects-
To determine whether the inhibition of pro-catabolic proteases and cytokines was due to a generalized inhibition of protein synthesis, the expressions of other genes important for cartilage biology were examined, namely aggrecan and type II collagen. Using similar culture conditions as the experiment shown in Fig. 2, 4 -MU treatment did not decrease aggrecan or collagen II mRNA levels in either bovine (Fig. 4, A and B) or human OA chondrocytes (Fig. 4 , C and D), respectively. It is well documented that IL-1␤ inhibits aggrecan and collagen II mRNA, although this inhibition was less prominent in these studies because only a low dose of IL-1␤ (1.0 ng/ml) was used. Nonetheless, co-treatment of bovine chondrocytes with 0.5 mM 4-MU and 1.0 ng/ml IL-1␤ resulted in a significant increase in aggrecan and collagen II. However, the stimulation of aggrecan or collagen apparent in bovine cells was not observed in similarly treated OA chondrocytes (Fig. 4 , C and D), respectively. It should also be noted that no changes in ␤-actin, GAPDH mRNA, or total protein recovered in detergent cell lysates were observed in bovine or human chondrocytes treated with 4-MU (data not shown).
Next, bioengineered cartilage disks were established as a cartilage-like tissue model (Fig. 4E ) in which newly synthesized aggrecan is being very actively deposited and organized. As compared with untreated control disks ( Fig. 4, F, top, and G) , the addition of 0.5-2.0 mM 4-MU ( Fig. 4, F, bottom, and H-J) had no detrimental effect on the accumulation of safranin O-positive matrix. Moreover, at 0.5 mM 4-MU, the neocartilages were stained more richly with this proteoglycan-detecting reagent (Fig. 4H) . Altogether, the data suggest that with 0.5-2.0 mM 4-MU, there is no generalized inhibition of protein synthesis or toxicity that might explain the diminution of MMP13, ADAMTS4, and TSG6. Again, 0.5 mM 4-MU may also be considered chondroprotective.
4MU Blocks Pre-initiated Pro-catabolic Events-To determine whether 4-MU blocked the initial steps in cytokine-mediated induction or subsequent signaling events downstream, chondrocytes were pre-treated for 4 h with IL-1␤ followed by a wash-out in the absence of cytokine (Fig. 5A ). Under these conditions, MMP13 and ADAMTS4 mRNA remained elevated even after 20 h of cytokine wash-out ( Fig. 5B) . MMP13 in the cell lysates and media fractions also remained elevated (Fig.  5C ). The addition of 4-MU during the wash-out phase was sufficient to block the IL-1␤-induced stimulation (Fig. 5, B and C) . Similar reductions by 4-MU of pre-stimulated MMP13 were observed in the medium from three additional OA patient chondrocyte cultures (Fig. 5D ). These results suggest that 4-MU inhibition occurs downstream of the initial stimulatory signal. However, it remains unknown whether this downstream inhibition by 4-MU is coupled to the ability of 4-MU to block HA synthesis or is independent of effects on HA.
Timing of 4-MU Inhibition of Pro-catabolic Events and Inhibition of HA Biosynthesis-When chondrocytes were treated with IL-1␤ for varying times (Fig. 6A ), MMP13 mRNA was significantly elevated above untreated control after as little as 3 h of incubation (Fig. 6B ). Although MMP13 mRNA was unchanged from control at 1 h (Fig. 6C ), co-treatment with 4-MU (gray bars) significantly reduced MMP13 mRNA at this time point as well as all later time points (Fig. 6B ). TSG6 mRNA was elevated above control as early as 1 h and was maximal at 6 h (Fig. 6, D and E) . Like MMP13, 4-MU blocked the stimulation of TSG6 after 1 h of co-treatment. Interestingly, HA levels in the medium were unchanged at 1 h of co-treatment (Fig. 6, F  and G) . This suggested that reductions of medium HA (due to The fold changes (y axes) in mRNA copy number for aggrecan (ACAN, A and C) or collagen II (COL2, B and D) were compared with control (black bars) and quantified using the ⌬⌬Ct approach with normalization to GAPDH. Values represent the average Ϯ S.D. of data derived from three independent experiments. For statistical analysis, a two-way ANOVA followed by Tukey-Kramer test was used; *, p Ͻ 0.05; **, p Ͻ 0.01. In other experiments, bioengineered cartilage disks were generated from bovine chondrocytes (E) and treated for 72 h without (Ctrl) or with 0.5-2.0 nM 4-MU as labeled (F-J). After treatment, the neocartilage disks were fixed, sectioned, and stained using safranin O/fast green (actual slides shown in F). All images are of equivalent magnification and time exposure settings.
FIGURE 5. Effectiveness of 4-MU when added after induction of MMP13 and ADAMTS4.
To determine whether 4-MU was affecting the initiation of signaling events (perhaps even extracellularly) or later phases of signal amplification, 4-MU was added after initiation by IL-1␤. High density cultures of human OA chondrocytes were treated without or with 1.0 ng/ml IL-1␤ alone for 4 h (Ϫ/ϩ) after which the medium was changed to fresh medium without or with 0.5 mM 4-MU, followed by incubation for an additional 20 h (A). The fold changes (y axes) in mRNA copy number for MMP13 and ADAMTS4 mRNA (B) were compared with control (black bars) and quantified using the ⌬⌬Ct approach with normalization to GAPDH. For statistical analysis, a two-way ANOVA followed by Tukey-Kramer test was used; *, p Ͻ 0.05; **, p Ͻ 0.01. Cell lysates and serum-free media from other human OA chondrocyte cultures were also processed for Western blotting for MMP13 protein (C). Shown is a representative example of three replicated, independent experiments. Aliquots of equal protein were loaded onto gels from the cell lysate fractions, and the medium samples represent aliquots of equal volume. All blots with cell lysates were stripped and re-probed for ␤-actin. D depicts Western blot analysis for MMP13 accumulated in the media (equal volume aliquots) of experiments performed on chondrocyte cultures obtained from three additional OA patients.
4-MU Inhibition of MMP Production Independent of HA Block
4-MU) occurred later than inhibition of MMP13 or TSG6 mRNA.
In a different approach, after a 12-h pre-incubation of chondrocytes with IL-1␤, cells were incubated for an additional 12 h with IL-1␤ in the presence or absence of 4-MU (Fig. 6H ). Under these conditions, stimulation of pro-catabolic markers is at a maximum at the start of the experimental addition of 4-MU (value set to 1.0). As shown in Fig. 6I and the expanded scale in Fig. 6J, 0 .5 h after the addition of 4-MU the relative copy number of MMP13 mRNA was inhibited due to the presence of 4-MU. HAS2 mRNA, which is also up-regulated by IL-1␤ treatment (data not shown), was unaffected by 4-MU at 0.5 h (Fig. 6 , K and L) but displayed inhibition from 1 h onward. However, although HAS2 was down-regulated at 1 h, no change in HA production was observed until 6 h after exposure to 4-MU (Fig.  6, M and N) . These data suggest that 4-MU reduces ongoing and maximally high levels of MMP13 mRNA in as little as 0.5 h (with IL-1␤ still present) and does so at a time point well before there is observable inhibition of HAS2 mRNA or the subsequent reduction of HA secreted into the medium. These results, although correlative in nature, suggest that reductions in HA due to 4-MU inhibition are separate from 4-MU-mediated inhibition of MMP13 and other pro-catabolic markers.
Participation of HA Is Not Required for the Inhibition of Procatabolic Events by 4-MU-To determine whether alterations in HA were required for 4-MU-mediated inhibition of MMP13, we explored mechanistic approaches to independently modify HA. As shown in Fig. 7A , exposure of chondrocytes to IL-1␤ resulted in a stimulation of MMP13 in both cell layer and media fractions. This enhanced production of MMP13 was blocked by the inclusion of 4-MU. Because HA levels were diminished by the 4-MU (as in Fig. 1D ), 1.0 mg/ml exogenous pharmaceutical grade HA was added to the cultures to compensate for this loss. No rescue of MMP13 production was observed ( Fig. 7A, 4th lane). Next, chondrocytes were transduced with an adeno-Tet-MycHas2 construct to re-populate the cells with HA synthases, as well as to enhance cell-associated and medium HA content. As shown in Fig. 7B , IL-1␤ stimulated MMP13 in cell lysates and media fractions, and both were blocked by co-incubation with 4-MU. In virally transduced human chondrocytes, prominent Myc epitope indicative of the transgene HAS2 protein was detected (Fig. 7B) , and HA levels were elevated by 2.8-fold (Fig. 7C ). However, even under these conditions, the presence of HAS2 and HA did not rescue MMP13 inhibition by 4-MU ( Fig. 7B, 4th lane) .
When human OA chondrocytes were co-treated with Streptomyces hyaluronidase along with IL-1␤ and 4-MU, the MMP13 levels remained reduced as compared with the positive control of IL-1␤ treatment alone (Fig. 7D) . The hyaluronidase conditions were expected to stimulate MMP13 production as was observed earlier in Fig. 1C . However, hyaluronidase did not reverse or accentuate the inhibition of 4-MU. In a different experiment, chondrocytes were first pretreated with Streptomyces hyaluronidase, such that no HA would be available for inhibition by 4-MU at the start of the experiment. Again, the lack of HA due to hyaluronidase did not mimic 4-MU as cells treated only with IL-1␤ (no 4-MU) still exhibited strong MMP13 (Fig. 7E, 3rd lane) . In addition, 4-MU continued to block IL-1␤-stimulated MMP13 protein levels (Fig. 7E, 4th lane) .
Next, human OA chondrocytes were incubated with HAS2 siRNA to selectively knock down endogenous HAS2. As shown in Fig. 7F , chondrocyte HAS2 mRNA was reduced to ϳ20% the level of control siRNA and CD44 siRNA-treated cells. HA levels in both the medium and cell layer were reduced proportionally by HAS2 siRNA treatment (Fig. 7G) . In control chondrocytes, IL-1␤ slightly up-regulated HA biosynthesis, whereas co-incubation with 4-MU reduced HA levels as expected (Fig. 7I) . This trend was observed in HAS2 siRNA-treated chondrocytes but at much reduced levels of HA. Under these conditions in which HA was significantly reduced due to HAS2 knockdown, there was no inhibition of IL-1␤-stimulated MMP13 mRNA (Fig. 7H,  5th bar) and MMP13 protein (Fig. 7J, 5th lane) . Thus, simply affecting a reduction in HA is not sufficient to mimic the effects of 4-MU. In addition, HAS2 siRNA-mediated HA deficiency did not alter the ability of 4-MU to block IL-1␤-stimulated MMP13 production (Fig. 7, H and J) . 4-MU was just as effective an inhibitor in cells exposed to control siRNA as HAS2 siRNA. Together, these data suggest that the mechanism of 4-MU-mediated inhibition of the pro-catabolic state in chondrocytes is independent of its inhibition of HA synthesis and HAS2 expression.
Participation of CD44 Is Not Required for the Inhibition of Pro-catabolic Events by 4-MU-We often hypothesize that chondrocytes respond to changes in HA content by way of mechanisms involving the HA receptor CD44. To explore whether changes in CD44 were somehow masking or compensating for HA having little influence on 4-MU inhibitory activity, the effects of CD44 knockdown were examined. As shown in Fig. 8A , CD44 siRNA treatment substantially reduced CD44 protein expression even in the presence of IL-1␤ stimulation of CD44 (as compared with control siRNA treatment). CD44 mRNA was reduced to less than 10% of control siRNA or HAS2 siRNA values (Fig. 8B ). However, even under these conditions wherein CD44 is largely absent, 4-MU treatment was still able to block IL-1␤-activated MMP13 protein expression.
As a different approach, we next examined the effectiveness of 4-MU to block MMP13 in chondrocytes isolated from Cd44 Ϫ/Ϫ murine knee joint articular cartilage (Fig. 8, D and F) as well as Cd44 Ϫ/Ϫ femoral heads (Fig. 8, E and G) . In both cell types, 4-MU continued to block IL-1␤-stimulated Mmp13 mRNA (Fig. 8, D and E) and MMP13 protein in both cell and media fractions (Fig. 8, F and G) . Altogether, these results indicate that 4-MU inhibition of pro-catabolic markers such as MMP13 is not dependent on changes to 4-MU-mediated inhibition of HA-dependent extracellular matrix structure, HAS2 organization of HA at the plasma membrane, or HA-mediated signaling events mediated via CD44.
Mechanism of 4-MU Inhibition of Pro-catabolic Events-As shown above, 4-MU inhibits the expression of a select group of pro-catabolic genes and does so in a relatively rapid time frame (as little as 1 h). In Fig. 9A , chondrocytes were pre-stimulated with IL-1␤ for 12 h (as in Fig. 6, H-N) prior to the addition of 4-MU at time 0. In the presence of actinomycin D, added to block ongoing transcription, mRNA for HAS2 dropped precipitously between 1 and 6 h of treatment (Fig. 9B, solid line) due to message decay. This drop was not affected by co-incubation with 4-MU (Fig. 9B, dotted line) . Within the same time frame and conditions, little decay of MMP13 and TSG6 mRNA was observed ( Fig. 9, C and D) . Even so, the addition of 4-MU did not statistically alter the level of these transcripts. Thus, it is unlikely that the mechanism for inhibition by 4-MU is based on changes in message stability.
When chondrocytes are treated with IL-1␤, investigators often observe the rapid activation of intracellular signaling proteins, including NF-B, p38 MAPK, and ERK1/2 (27, 64, 65) . In human OA chondrocytes, IL-1␤ treatment resulted in a prominent activation of these three proteins (p-NF-B, p-p38 MAPK, and p-ERK1/2) in as little as 5 min (Fig. 9E) ; all three became reduced after 60 min. In bovine chondrocytes, the same prominent activation required 60 min (Fig. 9F ). In the presence of 0.5 mM 4-MU, little change in the activation of these signaling proteins was observed in human or bovine chondrocytes. This suggests that the effect of 4-MU on inhibiting pro-catabolic gene mRNAs likely occurs downstream of these signaling pathway events.
Contribution of Protein O-Glucuronidation or O-GlcNAcylation to 4-MU-mediated Inhibition of Pro-catabolic Events-
Given that 4-MU is thought to sequester UDP-glucuronic acid by driving the formation of 4-MU/glucuronosyl-glycoconjugates (32, 33) , changes in the expression of UDP glucuronosyltransferases (UGTs) was examined. We hypothesized that 4-MU, either in the presence or absence of IL-1␤, would promote or diminish the expression of one or more members of the transferase family. As shown in Fig. 10A , RT-PCR primers were designed to evaluate the expression of 13 members of the glucuronosyltransferase family selected to represent the major isoforms within the UGT1, UGT2A, UGT2B, UGT3, and UGT8 series. A study by Uchaipichat et al. (66) noted that isoforms except UGT1A4 had the capacity to glucuronidate 4-MU. All To determine whether the 4-MU-mediated reduction in extracellular HA was responsible for the 4-MU-mediated inhibition of MMP13, HA rescue experiments were performed. In one approach, 1.0 mg/ml exogenous, high molecular mass, pharmaceutical grade HA was added to high density cultures of human OA chondrocytes during incubation without (Ϫ) or with (ϩ) 1 ng/ml IL-1␤ and 0 or 0.5 mM 4-MU for 24 h. Cell lysates and serum-free media were processed for Western blotting for MMP13 protein (A). Shown is a representative example of three replicated, independent experiments. Aliquots of equal protein were loaded onto gels from the cell lysate fractions, and the medium samples represent aliquots of equal volume. All blots with cell lysates were stripped and re-probed for ␤-actin. In a second approach, human OA chondrocytes were transduced with an adeno-Tet-MycHas2 developed in our laboratory. Forty eight hours after transduction, the cultures were incubated without or with 200 ng/ml doxycycline (Dox), 1 ng/ml IL-1␤, and 0.5 mM 4-MU as labeled. Cell lysates and serum-free media were again processed for Western blotting for MMP13 protein as well as MycHAS2 (B). The concentrations of HA present in cell lysates and media (in units of nanograms/ml) were determined by HA ELISA (C). Another series of experiments was developed to test the effects of HA depletion, specifically depletion that occurs independent of 4-MU. In one approach, human OA chondrocytes were treated without or with Streptomyces hyaluronidase (Streptomyces HA'ase) either during co-incubation (D) or as a 12-h pretreatment (E), without (Ϫ) or with (ϩ) the addition of 1.0 ng/ml IL-1␤ and 0 or 0.5 mM 4-MU for 24 h as labeled. In a second approach, human chondrocytes were transfected with control, CD44, or HAS2-specific siRNA, 24 h before the addition of 1.0 ng/ml IL-1␤ and 0.5 mM 4-MU for 24 h. F depicts the effects of siRNA treatment on HAS2 mRNA; G and I, effects on HA concentration in cell lysates (black bars) and media fractions (gray bars), MMP13 mRNA (H), and MMP13 protein in cell lysates (J). The y axes for RT-PCR results depict fold change in mRNA copy number above control. For statistical analysis, a two-way ANOVA followed by Tukey-Kramer test was used; **, p Ͻ 0.01.
RT-PCR products were readily detected in lysates derived from either human Hep2A hepatocellular carcinoma or T84 colon carcinoma cells used as positive controls (Fig. 10A ). However, in human OA chondrocytes, derived from three different human patients, UGT mRNA product detection was negligible as compared with the human liver or colon cells. When the agarose gel images were overexposed, the most prominent was UGT1 (overexposed, inverted image of UGT1 in Fig. 10A ), and only small differences were observed in the expression of UGT1 following the addition of 4-MU, IL-1␤, or both. Using real time qRT-PCR ( Fig. 10B) , no statistically significant changes in the expression of these genes was observed in the presence or absence of IL-1␤ or 4-MU as compared with control untreated cells. These data demonstrate that there are no changes in UGTs due to IL-1␤ or 4-MU but do not rule out the possibility that a reduction in glucuronidation of a regulatory protein could have occurred following the addition of 4-MU.
The addition of O-linked N-acetylglucosamine (GlcNAc) residues to a regulatory protein(s), is another potential mechanism that might be involved in 4-MU-mediated inhibition. An antibody is available that detects all O-GlcNAcylated proteins. An array of O-GlcNAcylated proteins, ranging in size from Ͼ250 to ϳ60 kDa was observed in lysates from both human OA and bovine chondrocytes (Fig. 10, C and D, respectively) . When these cells were treated with 1 ng/ml IL-1␤ for 0 -60 min (as in Fig. 6 ), no apparent change in O-GlcNAcylated proteins was observed. Moreover, in the combined presence of IL-1␤ and 4-MU, again, no major change in the overall pattern of O-GlcNAcylated proteins was detected. In this study, we primarily focused on the lowest concentration of 4-MU (0.5 mM) that provided a significant inhibition in MMP13, ADAMTS4, TSG6, and HAS2 mRNA, in part to avoid cell toxicity that begins to be seen at higher 4-MU doses such as 5.0 mM (43) . Although the addition of 4-MU alone to bovine chondrocytes shows little effect on the pattern of O-GlcNAcylated proteins at 0.5 mM after 1 h (Fig. 10D ) or 24 h (Fig. 10E) , increases in global O-GlcNAcylation of proteins does occur progressively after 24 h after incubation with 4-MU at higher concentrations (Fig. 10E ).
Discussion
When human OA or normal bovine articular chondrocytes were stimulated with the inflammatory cytokine IL-1␤, the elevated expression of MMP13, ADAMTS4, and TSG6 was inhibited by 4-MU treatment. 4-MU also blocked the expression of these genes when chondrocytes were activated by LPS or HA oligosaccharides. 4-MU is most often used by many investigators as a chemical inhibitor to block HA biosynthesis and to lower HAS2 mRNA. Indeed, in this study 4-MU did block HAS2 expression and HA biosynthesis in bovine and human articular chondrocytes. However, taken together, our data suggest that the mechanism of 4-MU-mediated inhibition of procatabolic metabolism in chondrocytes is independent of its inhibition of HA and HAS2. Our data also show that 4-MU is chondroprotective of cartilage degradation. Yoshioka et al. (36) recently demonstrated that orally administered 4-MU substantially reduced the clinical symptoms of collagen-induced arthritis in DBA/1J mice. In addition to a reduction in footpad swelling, accumulation of MMP3 and MMP13 was reduced in knee joint cartilage, a reduction that matched the inhibition in cartilage damage observed by safranin O staining. The authors focused primarily on 4-MU inhibition of the synovial hyperplasia. Following 4-MU administration, they observed a reduction of hyperplasia to a mild synovitis with concurrent reduction in pannus formation and cytokine release. One interpretation of their data is that the 4-MU exerted a beneficial effect on preventing cartilage damage due to a reduction in synovial inflammation To determine whether CD44 was required for cells to detect changes in extracellular HA, such as changes in HA that occur due to 4-MU, CD44 depletion experiments were performed. In a first approach, human chondrocytes were transfected with control, HAS2-specific or CD44-specific siRNA, 24 h before the addition of 1.0 ng/ml IL-1␤ and 0 or 0.5 mM 4-MU for 24 h as indicated. A depicts the effects of siRNA treatment on CD44 protein as detected by Western blot analysis; B depicts the effects on siRNA on CD44 mRNA levels; and C depicts the effects of Cd44 siRNA on MMP13 protein in the medium of cells treated without or with IL-1␤ and 4-MU. In a second approach, murine chondrocytes derived from Cd44 Ϫ/Ϫ knee condylar (D and F) or femoral head (E and G) cartilage were incubated without or with 1.0 ng/ml IL-1␤ and 0.5 mM 4-MU for 24 h. In some experiments, cell lysates were prepared for real time qRT-PCR, wherein the fold change (y axes) in mRNA copy number for MMP13 was compared with control conditions and quantified using the ⌬⌬Ct approach with normalization to GAPDH (D and E). In other experiments, cell lysates and media fractions were processed for Western blotting for MMP13 and ␤-actin protein (F and G). For statistical analysis, a two-way ANOVA followed by Tukey-Kramer test was used; **, p Ͻ 0.01. and the lowering serum and synovium HA levels. Our in vitro and cartilage explant data suggest that 4-MU may also have been exerting a direct inhibitory effect on MMPs in the knee cartilage of these mice as we observed in bovine cartilage (Fig. 3, K and L) as well as the promotion of aggrecan accumulation as in Fig. 4H .
In the study by Yoshioka et al. (36) , hyaluronidase treatment mimicked the activity of 4-MU and successfully blocked TNF-␣-stimulated MMP1 and MMP13 in primary cultures of human rheumatoid-like synovial cells. Additionally, the expression of the murine MMPs could be blocked by transfection of HAS siRNAs. Thus, these authors concluded that the inhibition of HA production by 4-MU was likely directly responsible for down-regulating MMPs in their synovial cells. Such was not the case in our study wherein the inhibitory effects of 4-MU could not be mimicked by hyaluronidase pre-treatment ( Fig. 7E) or HAS2 siRNA knockdown (Fig. 7, H and J) .
Inhibition of MMPs by 4-MU have been described in a few studies but appears to vary depending on the cell type. For example, 4-MU induces the expression of MT1-MMP mRNA, resulting in activation of MMP2 in human skin fibroblasts (67) , but in human lymphoma cell lines, 4-MU decreased the level of mRNA for MMP9 (68) . In primary human aortic smooth muscle cells 4-MU did not modify the activity of MMP2 but did cause a decrease in cellular migration, migration that could be rescued with the addition of HA (63) . Whether this inhibition was dependent on HA inhibition or a direct effect remains unknown. Nakamura et al. (68) reported that 4-MU inhibited MMP9 in a human lymphoma cell line as well as other cultured human carcinoma cells, an inhibition that could not be mimicked by treatment of the cells with hyaluronidase. Given that elevated HA accumulation is often positively correlated with tumor growth and aggressiveness (31, 69) , it is not surprising that 4-MU would provide inhibitory effects on tumor cell migration, invasion, or cell proliferation by way of blocking HA production. What must be considered is that 4-MU may, in addition, separately target MMPs and other pro-catabolic genes. To determine whether 4-MU inhibition was due to changes in message stability, bovine chondrocytes were first pre-stimulated with IL-1␤ for 12 h and then incubated in the absence or presence of actinomycin D (ActD, A). Under these conditions, the chondrocytes were at a maximum level of stimulation (as in Fig. 6, H-N) at time ϭ 0. Fold change (y axes) in HAS2 mRNA (B), MMP13 mRNA (C), and TSG6 mRNA (D) were quantified at 0, 1, 3, and 6 h. Data collected from chondrocytes incubated in the absence of actinomycin D are depicted with solid lines and cells incubated with actinomycin D depicted with dotted lines. Data points represent the average Ϯ S.D. of three independent experiments. For statistical analysis of data shown in B-D, a two-way ANOVA followed by Tukey-Kramer test was used; no statistical differences were observed. To explore whether 4-MU inhibition occurred earlier in the stimulation pathway, human OA (E) and bovine (F) chondrocytes were co-treated with IL-1␤ in the absence or presence of 0.5 mM 4-MU as labeled, and protein lysates were prepared after 0, 5, 15, and 60 min. Western blot analysis was used to detect activation of NF-B (p-NF-B), p38 MAPK (p-p38), and ERK1/2 (p-ERK1/2). Following detection, the blots were reprobed for detection of total NF-B, p38 MAPK, ERK1/2, and ␤-actin. Aliquots of equal protein (20 g) were loaded onto gels from the cell lysate fractions. Shown is a representative example of three replicated, independent experiments. E, results depict Western blot analysis of experiments from human OA chondrocytes derived from one patient. Similar results were obtained from chondrocyte cultures derived from the cartilage of two additional patients. JUNE 3, 2016 • VOLUME 291 • NUMBER 23
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At present, the complete mechanism of action of 4-MU on chondrocytes and other cell types remains largely unknown. 4-MU is thought to act in large part by chelating UDP-GlcUA, one of two nucleotide sugars necessary for HA synthesis (32, 33) , the end result being a inhibition of HA biosynthesis. Because UDP-sugar transporters in the endoplasmic reticulum and Golgi membranes have a low K m value, this diminution of cytosolic UDP-GlcUA has little to no effect on proteoglycan biosynthesis because the sugar residues for glycosaminoglycan chain elongation remain saturated in those compartments (70, 71) . The more interesting aspect of 4-MU treatment is that it also has the capacity to down-regulate HAS2 mRNA by mechanisms that are far less clear or direct. To gain insight on this issue, several potential mechanisms were explored in this study. First, we observed that the addition of 4-MU to chondrocytes had little effect on reducing the activation of upstream signaling pathway intermediates (Fig. 9, E and F) . Although other intermediates or cross-talk pathways may participate, the ones chosen, including activation of NF-B/p65 (Ser(P) 536 ), have been widely identified in IL-1␤, HA oligosaccharide, or LPS-medi-ated stimulation of genes such as MMP13 (26, 27) . We next examined the effect of 4-MU on altering mRNA stability as a potential post-transcriptional site of inhibitory action. Here also, 4-MU exerted little change and certainly no enhancement of mRNA decay (Fig. 9, B-D) . Interestingly, in a recent transcriptome study performed on human OA chondrocytes exposed to actinomycin D by Tew et al. (72) , HAS2 was identified as one of the transcripts with reduced stability. This was confirmed in our study (Fig. 9B) at least in comparison with the decay rate of MMP13 and TSG6 transcripts (Fig. 9, C and D) ; nevertheless, 4-MU co-treatment did not enhance further the rate of mRNA decay. In another study, co-treatment of PC3-ML prostate carcinoma cells with 4-MU and actinomycin D did not alter the decay of MMP2 and MMP9 mRNA (53) . From these data we concluded that the inhibition by 4-MU on expression of this select group of pro-catabolic genes was most likely a transcriptional event.
Vigetti et al. (63) speculate that the reduction in UDP-GlcUA content might control gene transcription either directly or indirectly or that the slight decrease in UDP-GlcNAc they detected with 4-MU treatments of smooth muscle cells might alter the hexosamine biosynthesis pathway to impact gene regulation by the cellular function of O-GlcNAc glycosylation of proteins (74, 75) . This opened up two possibilities, namely the possibility of a select, as yet unknown, transcriptional regulatory protein becomes differentially O-glucuronidated or differentially O-GlcNAcylated following the addition of 4-MU. We examined changes in the expression of a wide range of UGTs that participate in glucuronidation (Fig. 10, A and B) . Although the expression of particular UGTs may be regulated by ligand-activated transcription factors in hepatic cells (76, 77) , the expression of these genes was relatively low in human OA chondrocytes and unaffected by treatment of the cells with IL-1␤ and/or 4-MU. Although this does not rule out O-glucuronidation of a potential target protein, O-GlcNAcylation is thought to be a better modifier of protein function.
Therefore, we next examined global changes in O-Glc-NAcylation of total cell proteins. However, neither 0.5 mM 4-MU nor 1 ng/ml IL-1␤ exerted detectable changes in O-GlcNAc transfer to cellular proteins of human OA or bovine chondrocytes ( Fig. 10, C-E) . Moreover, the ability of 4-MU to block IL-1␤-stimulated MMP13 production was not changed by addition of exogenous glucosamine to the culture medium (data not shown). However, as the concentration of 4-MU was increased above 2.0 mM, the overall level of O-GlcNAcylated proteins increased. This opens the possibility that a particular regulatory protein or group of proteins could have been O-GlcNAcylated at 0.5 mM but below the limits of our detection. In a study by Kuroda et al. (78) using human skin fibroblasts, a moderate increase in O-GlcNAcylated proteins was observed at 0.1 and 1.0 mM 4-MU. The identity of this protein or factor remains unknown. Potential mediators are numerous (79) . For example, Jokela et al. (80) found that conditions that enhanced O-GlcNAcylation of the transcription factor Yin Yang 1 (YY1) (in this case by the addition of glucosamine) was associated with an inhibition of HAS2 mRNA. YY1 is a downstream product of p65/NF-B activation, and in fibroblast-like synoviocytes, it forms part of an NF-B/YY1/miR10a regulatory circuit that promotes continued excessive secretion of inflammatory cytokines and MMPs, including MMP13 (81). Thus, one could speculate that 4-MU promotes the GlcNAcylation of YY1, reversing YY1 repression of miR10a, leading to an miR10a block of ongoing NF-B activation.
The inhibitory effects of 4-MU on MMP13 in this study were observed in human OA chondrocytes, normal bovine articular chondrocytes, mouse chondrocytes, as well as cartilage explant cultures. 4-MU appeared to block pro-catabolic markers upregulated by IL-1␤, HA oligosaccharides, and LPS. One interpretation or mechanism for such a generalized effect might be that 4-MU was simply cytotoxic. However, we have previously demonstrated the viability of chondrocytes treated with 4-MU to be Ͼ98% at 0.1 and 1.0 mM 4-MU and greater than 85% at 5.0 mM 4-MU as determined by calcein AM/ethidium homodimer-1 live/dead cell assay (43) . In Fig. 4 , aggrecan and collagen II mRNA levels were relatively unaffected by 4-MU treatment, and GAPDH mRNA and ␤-actin protein remained unchanged. Moreover, 0.5 mM 4-MU appeared to be chondroprotective in part by up-regulating aggrecan mRNA and diminishing ADAMTS4 ( Figs. 3 and 4 ). At 0.5 mM, 4-MU bovine chondrocytes still exhibit pericellular matrices or coats. In data not included, we observed the re-elevation of MMP13 release into the medium of explant cultures of human OA cartilage following a period of wash-out of 4-MU. Yoshioka et al. (36) also noted a return of MMP1 and MMP13 with wash-out of 4-MU from cultures of rheumatoid synovial cells activated with TNF␣. Currently, 4-MU is used as a human dietary supplement (73) , and although 4-MU is not approved for any indication in the United States, it has been used in several clinical trials (31) .
FIGURE 10. Effect on 4-MU inhibition on glucuronidation transferases and O-GlcNAcylation of chondrocyte proteins.
To determine whether the inhibitory effect of 4-MU was due to changes in UDP-glucuronic acid transferases (UGTs), human OA chondrocytes derived from the cartilage of three different patients were co-treated without or with 1.0 ng/ml IL-1␤ and without or with 0.5 mM 4-MU for 24 h. Lysates of total RNA were prepared, reverse-transcribed, and PCR-amplified using primer sets for various UGTs as labeled (A and B). One set of experiments was performed by conventional PCR with products identified by ethidium bromide staining following agarose gel electrophoresis (A). As positive controls, total RNA derived from human HepG2 liver hepatocellular carcinoma cells (Hep) and T84 colon carcinoma cells (T84) was analyzed in parallel. Data from analysis of UGT1 primer set is shown as a full size uncropped gel where gels from analysis of the other UGTs are depicted as cropped lanes. Base pair size of products are shown to the right of the panel; std, 100-bp ladder of standard markers. UGT1 data are also shown as an inverted (white field) digitally enhanced image. In another set of experiments, total RNA was amplified by real time qPCR using the same UGT primer sets as shown (B). Fold change (y axis) in products above control were compared by the ⌬⌬Ct approach (values from untreated control chondrocytes set to 1.0) with normalization to GAPDH. For statistical analysis of data shown in B, a two-way ANOVA followed by Tukey-Kramer test was used; no statistical differences were observed. To determine whether the inhibitory effect of 4-MU was due to changes in UDP-GlcNAc transfer to chondrocyte proteins (GlcNAcylation), human OA chondrocytes (derived from the cartilage of three different patients, C) as well as bovine chondrocytes (derived from three different preparations, D) were co-treated with 1.0 ng/ml IL-1␤ and without or with 0.5 mM 4-MU for 0, 5, 15, and 60 min as labeled. Protein cell lysates were prepared, and Western blot analysis was used to detect O-GlcNAcylated cellular proteins. Following detection, the blots were stripped and re-probed for ␤-actin. C and D depict a representative example of the three replicated, independent experiments. In a different experiment, bovine chondrocytes were treated with varying concentrations of 4-MU for 24 h, protein lysates prepared, and Western blot analysis was used to detect O-GlcNAcylated cellular proteins and ␤-actin (E).
In animal models, 4-MU has been reported to have low toxicity in studies of the anti-tumor activity of 4-MU (73) . Thus, it is unlikely that generalized cell toxicity is the mechanism responsible for 4-MU inhibition of MMPs.
In summary, 4-MU is an exciting small molecule as it provides for the selective inhibition of pro-inflammatory, pro-catabolic metabolism in many cell types, particularly activated chondrocytes within cartilage. 4-MU is also a useful tool to block the production of HA. Perhaps a common upstream element linking the stimulation of MMP13, ADAMTS4, TSG6, HAS2, and CD44 by IL-1␤ could be modulated by 4-MU. However, given these pleiotropic effects, caution and additional controls will be needed in the interpretation of results of future studies. Although inhibition of HA biosynthesis certainly occurs, our study demonstrates that 4-MU exerts effects that are independent of its effects on HA.
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